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Abstract

Various commonly used Kesder-type parameterizations of the autoconverson of
cloud droplets to embryonic raindrops are theoreticaly derived from the same formalism
by aoplying the generdized mean vdue theorem for integrds to the genera collection
equaion. The new formdism clealy reveds the gpproximaions that ae implicitly
assumed in these different parameterizations. It is shown that the different
parameterizations can be generdized into a common expresson, and that ther
differences lie in the characterization of the effect of the spectra disperson of the cloud
droplet size digribution on the autoconverson rate. A new Kesder-type parameterization
is deived from the formdism. This new parameterization eiminates the incorrect and/or
unnecessary assumptions inherent in the existing ones, exhibits a different dependence on
liquid water content and droplet concentration, and provides theoretical explanations for
the multitude of vaues assigned to the tunable coefficients associated with the commonly
used paameterizations. Rdative digperson of the cloud droplet sSze didribution is
explicitly incduded in the new paamdeization, dlowing for invedtigaion of the
influences of the spectrd disperson on the autoconversion rate, and hence on the second
indirect aerosol effect.
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1. Introduction

Ran is intiged in liquid water clouds by collison and codescence of cloud
droplets wherein larger droplets with higher settling velocities collect smadler droplets
and become embryonic raindrops. This so-caled autoconversion process is usudly the
dominant process that leads to the formation of drizzle in dratiform clouds. Accurate
parameterization of the autoconverson process in amospheric modds of various scaes
(from doud-resolving modes to globd climate mode) is important for understanding the
interactions between cloud microphysics and cloud dynamics (Chen and Cotton 1987),
for the forecasting of the freezing drizzle formation and arcraft icing (Rasmussen et d.
2002), and for improving the trestment of clouds in climate models (Rotstayn 2000).

Kessler (1969) proposed a smple parameterization that linearly relates the
autoconverson rate to the cloud liquid water content, and this parameterization has been
widdy used in coud-rdated modeing studies because of its smplicity. But this smple
parameterization leaves much to be desred, as it is wdl known that the autoconverson
rate is a function of not only of the liquid water content, but aso the cloud droplet
number concentration and the spectra disperson of the cloud droplet size distribution.
Over the last severd decades, much effort has been devoted to improving the origind
Keder parameterization by including the effect of the droplet concentration as well as
liquid water content (Manton and Cotton 1977; Tripion and Cotton 1980; Liou and Qu
1989; Baker 1993). The effort to improve parameterization of the autoconverson rate has

been recently reinforced by an incressng interest in cloud-climate interactions, and



particularly in studies of the second indirect aerosol effect (Boucher et d. 1995; Lohmann
and Fleichter 1997; Rotstayn 2000).

Without loss of generdity, dl of the Keder-type parameterizations can be

written as

P=cLH(y- V). Q)

where P is the autoconversion rate in g cm® s, ¢ is an empirica cofficient in unit of s
(heresfter conversion coefficient), and L is the cloud liquid water content in g cm?®. The
Heavisde gep function H(y-yc) is introduced to describe a threshold y. (hereafter
threshold coefficient) bdow which the autoconverson is negligibly smal. The meaning
of y is different in different parameterizations, for example, y represents the cloud liquid
water content in the origind Kesder parameterization, wheress it represents the mean
volume radius in the Manton and Cotton expresson, and the mean radius of the fourth
moment in the parameterizations of Liou and Ou (1989), Baker (1993) and Boucher e d
(1995). It is noteworthy that while the autoconverson rate is aso formulated in terms of
the cloud water mixing ratio ingead of the liquid water content, transformation between
these two equivdent formulationsis straightforward.

A common problem with the Kesder-type parameterizations is that they
collectively lack a solid theoretica foundation, approximations associated with their use
ae not clear, and the logicd connections between the various Kesder-type
parameterizations are not well understood. Here we fird derive the vaious exiding
Kesder-type parameterizetions by applying the generdized mean vadue theorem to the
generd collection equation. This derivation readily reveds the didtinctions between, and

goproximations of these different paameterizations. The exiging Keder-type



parameterizations are then generdized into a unified expresson that includes the effect of
the spectral disperson of the cloud droplet size didribution as well as the droplet
concentration and liquid water content. A new Kesder-type parameterization that
diminaes the incorrect and/or unnecessary assumptions inherent in the exising
parameterizations is further developed, and applied to explan the multitude of the
empiricd coefficients associated with the exiging Kesder-type parameterizations. The
effect of the spectrd dispersion on the autoconversion rate is also discussed.
2. Reexamination of Typical Kessler-Type Parameterizations

As discussed above, one of the problems shared by the existing Kesder-type
parameterizationsis the lack of aphysical basis for their formulation. The purpose of this
section isto show that gpplication of the generdized mean vaue theorem for integrasto
the genera equation for the autoconversion rate can provide the required theory.
a. Autoconversion rate and Generalized mean value theorem for integrals

We firsd recapitulate the expresson for the autoconverson rate and the
generdized mean vaue theorem for integrals that will be used in this work. From the
continuous collection equation, the mass growth rate of a collector drop of radius R
fdling through a populaion of smdler droplets having a cloud droplet Sze didribution
n(r) is given by (Pruppacher and Klett 1997)

dm(R) _

& - OK(R rym(r)n(r)dr )

The autoconversion rate P is obtained by further integrating (2) over dl collector drops.

P:OEn(R)dR:(‘p(R) dRAK R,r)m(r)n(r)dr 3)



Theinterva of theintegration isfrom the smalest cloud droplets to the smallest raindrop,
and is omitted throughout the paper for amplicity. It iswel known from standard

caculus textbooks (eg., Spiegd 1992) that, if f(x) and g(x) are continuousin theinterva

X € [a, b], and g(x) does not change Sgn in thisinterva, then thereisapoint X € (a, b)

such that
of (x)g(x)dx:f(&)c‘g(x)dx. )

It will be shown below that the application of the generdized mean vaue theorem
for integrasto (3) provides a unified basis for the various Kesder-type
parameterizations.
b. Derivation of the typical Kessler-type parameterization

Kessler (1969) intuitively proposed an expression for the autoconverson rate such
that

R=ac(L-L), (59)

where L. is the threshold liquid water content below which the autoconverson rate is

assumed to be so smdl that the empirica coefficient & = 0 when L < L, and & > 0 when

L > L. This parameterization can dso be expressed through the Heavisde step function,

i.e,
Ro=gLH(L L) (50)
Comparison of (5b) with (5a) yields
_ L. 6
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Equation (5¢) provides an explanation for the results obtained by Kesder (1969) that
increesing & dffects precipitation development in much the same way as does increasing
the conversion threshold, because the autoconverson rate increases when & increases or
the threshold liquid water content decreases for a given liquid water content.
The Kesder parameterization can also be derived by gpplying the generdized
mean vaue theorem for integras to (3) as follows. Application of the generalized mean
vaue theorem to the firgt integrd of (3) yidds
P=cKR.r)n(R)dREN(r )n ()dr =LK R,r)n(R)dR (6)
whererk is between the smalest cloud droplet and the smdlest raindrop. Further
goplication of the generaized mean vaue theorem to (6) yields
P=K(R,r)NL=c, L, (7)
where R« is between the smdlest droplet and the smallest raindrop, N is the tota number
concentration of cloud droplets, and K(Rk, Ik) represents the "average' collection kernd.
Equation (7) becomes the Kesder parameterization if the converson rae satisfies (5c).
The &bove derivation clearly shows that the origind Kesder parameterization with
conglant values of a and L. results from the assumption of an "average’, fixed collection
kernd that is independent of droplet radius and proportiond to the quantity given by (1-
Lc/L)N™. These assumptions are clearly not valid.
Manton and Cotton (1977, see dso Tripoli and Cotton 1980) formulated a smilar
expression for the autoconversion rate,
Ric =CucLH(L- L). (8
Unlike the origind Kesder parameterization, however, the converson coefficient was

further expressed as



Cue =PEucRV (RN, (9)
where Evc represents an  average collection efficiency associated with  the
autoconversion process, R is the mean volume radius, and V is te termind velocity of a
droplet of radius Rs. They aso argued that the threshold of the autoconversion process
was determined by the mean volume radius instead of by the liquid water content such

thet

L, = 4'0; w RN, (10)

where R3¢ is the threshold mean volume radius, and r, is the dengty of water. Manton
and Cotton used By c = 0.55, and Rz = 10 nm.
The Manton and Cotton expression can also be derived by applying the mean
vaue theorem to the collection equation, but in adightly different way than for the
origind Kesder parameterization. The collection kernd K (R, r) depends generdly on the
collection efficiency E and the termind velocity V, and is given by
K(Rr)=E(R,r)p(R+r) ¢/ (R)- V(r)g (12)
Because cloud droplets are so small, this equation can be smplified by assuming that
(R+r)"» R, (123)

and V(R)-V(r)»V(R) (12b)
Substitution of (12a), (12b) and (11) into (3) yields

P=p RV (R)n(R)dR (R,r)m(r)n(r)dr (13)
Application of the generdized meanvaue theorem to the first integrd of (13) yields

P=pLRV (R)n(R)E (R, 1,c)dR (14)



Further application of the generdized mean-vaue theorem to (14) yidds
P=pLR, (Ryc) Eve N(R) dR=PE, Ry (Ryc) NL (15)
Comparison of (15) to (8) and (9) shows that (15) reduces to the Manton and Cotton
parameterization under the assumption of Ryc = Rs. Thisassumption isinvaid except in
the case of amonodisperse cloud droplet size distribution.
The familiar form of the Manton and Cotton parameterization can be derived by
assuming that the termind velocity of the drop R iswell described by the Stokes law
V (R) =k,R?, (16)
wherek; = 1.19 x 10° cmiis? is the Stokes constant.  Substitution of (16) into (15) yidlds
Puc =Pk, EycRINL (179)
Subdtitution into (17a) of the expression relating the mean volume radius to the liquid

water content and droplet concentration yieds the familiar form of the Manton and

Cotton parameterization,
Ric =aucN L H (R, - Ry), (17b)
23 06
where the parameter a,,. =pk, + By (27¢)
e4pr w @

The Heavisde function H(Rs -Rac) isintroduced to consider the threshold process such
that the autoconverson rate is negligibly smal when Rs < Rsc.

A mgor improvement of the Manton and Cotton parameterization over the
origind Kesder parameterization is incluson of the droplet concentration as a dependent
variable in formulation of the autoconverson rate, which enables one to differentiate
between ar mass types. Another improvement is tha the threshold is determined by the

volume mean radius rather than the liquid water content; this change makes physica



sense because a cloud with a large liquid water content, a large number of droplets and
therefore a smdl mean volume radius will not rain. It is evident from the above
derivdtion that these improvements result from relaxing the assumption of a fixed the
collection kernel (independent of the droplet radius) inherent in the origind Kesder
parameterization. The derivation adso exposes the following deficiencies remaning in the
Manton and Cotton parameterization: fixed collection efficiency, termind veocity and
Rvc = Rs.

Severd paameeizaions that are dightly different from the Manton and Cotton
parameterization have been subsequently proposed. Instead of applying the meanvaue
theorem to the integrd of (14) before subdituting the Stokes law for the termind
velocity, Liou and Ou (1989) relaxed the assumption of fixed termina veocity by firg

applying the Stokes law for the termina velocity, and obtained the autoconversion rate

P =pk,LeE (R.rye) R n(R)dR (18)
A subsequent gpplication of the generaized mean-vaue theorem to (18) yidds

Po =pk,E,L R n( R)dR =pk, E,R'NL (19)
where E4 isthe average collection efficiency associated with (18), and R, isthe mean

radius of the fourth moment defined as

1/4

e R)dRO
R =§)Q4—n,(“ )R @0
g

They assumed afixed linear relation between Ry and the mean squareradius Ry, R4 =
1.247 Ry, and investigated sengitivities of cloud radiative properties to the mean square

radius.
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In investigation of the behavior of cloud condensation nucle in the marine cloud-
topped boundary layer, Baker (1993) used a Smilar parameterization, but assumed Ry is

equa to the mean volume radius such that

L4/3
e 0
PBaker = pkl i+ E4gN-l/3L7/3H (Rj - Rsc)' (21)
e4prw (4]

where E o = 0.55, Rsc = 10 nm, and the empiricd multiplier g, which varies from 0.01
and 0.1, was introduced to make the autoconverson rate smaler. In ther GCM study,
Boucher et d. (1995) assumed a fixed linear relation between R, and the mean volume

radius, R, = 1.1R;, and obtained a autoconverson parameterization given by

PBoucher =aBN-1/3L7/3H (RA - R4C) ’ (22a)
&3 0
a, =pk,c——= (L1)°'Eg (22b).
e4pr w @

They dso Sudied the senstivity to the vaue of the threshold radius. Note that unlike
Baker (1993), they found that the avaue of g= 1 generated more reasonable results. A
vaue of E; = 0.55 was aso used in this study.
3. New Parameterizations
a. Generalized Ry parameterization

Compared to the Manton-Cotton parameterization, one of the features shared by
the Baker and the Boucher parameterizations is that the mean volume radius Rs in the
MantonCotton parameterization is replaced by the mean radius of the fourth moment R
in both the converson and the threshold coefficients Vaues of the two average
collection efficiencies, Eyc and E4, may differ to some degree. These differences arise

because the Baker and Boucher parameterizations diminate the assumption of fixed
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termind velocity. Furthermore, as will become evident later, the linear relation between
Rs and R; assumed in the Baker and Boucher parameterizations is esser to physcdly
judify than the assumption of Ryc = Rs in the Manton and Cotton parameterization.
However, the differences between the three parameterizations are minima in practice,
because the a parameters @mc, agaker, ad @goucher), ad the threshold radii are arbitrarily
tuned in most modding studies. For this reason, the three parameterizations will heresfter
be lumped together, and referred to as the traditiond R, parameterizations to emphasize
the important role of the fourth moment [see Eq. (19)].

The Baker and Boucher parameterizations can be generdized into a common
expresson by assuming a generd linear relation between the mean volume radius and the

mean radius of the fourth moment such that
R, =b,R;, (23)
where b, is a nondimentiond parameter depending on the spectra shape of the cloud

droplet sze didribution. Application of this expresson gives the generdized Ry

parameterization
a =a4N—1/3L7/3 ’ (24a)
&3 6
a4 :pklg4p—|’5 E4b: . (24b)

The differences between the three traditiond R; parameterizations become evident from
the above equations. The Baker parameterization is a specid case of the generalized Ry
parameterization with by = 1. In practice, the Manton and Cotton parameterization can
also be consdered a specid case with by = 1. As will be shown below, by isan increasing

function of the reative disperson of the cloud droplet sze didribution, a common
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measure of the spectral shape defined as the ratio of the standard deviation to the mean
radius of the cloud droplet sze digtribution A vaue of b, = 1 is equivadent to assuming a
monodisperse cloud droplet sze didribution. The Boucher parameterization corresponds
to a specia case of by = 1.1, suggesting the assumption of a larger, yet fixed spectrd
disperson for the cloud droplet size didribution. Therefore, the primary differences
between the traditiona R; parameterizations reflect their different choices for the reative
disperson of the cloud droplet Sze didribution. Obvioudy, the assumption of fixed
gpectrd digperson, monodisperse or naot, is troublesome. In fact, the effect of the spectra
disperson can be explicitly invedigated if we assume that the cloud droplet size
digribution can be wel described the gamma didribution. Under this condition, by is
eadly shown to be uniquely related to the spectrd disperson of the cloud droplet sze
digribution by,

1/4

(25)

(1+3¢?)
) g1+2e2)(1+e2)81/12
where e represents the relative dispersion.
b. A New Rs parameterization

Although the various R, paameerizaions are ggnificant improvements of the
origind Keder parameterization, they ill suffer from the implicit deficiency that the
collection efficiency is treated as a condant. This assumption is obvioudy incorrect
because it means collections between droplets of nearly the same sze are just as

numerous as those between droplets of very different szes. Baker (1993) discussed this

deficiency, and introduced a multiplicative parameter g ranging from 0.01 to 0.1 to adjust
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for this effect. Here we develop a new parameterization that does not assume a fixed
collection efficiency.
Long (1974) showed that the collection kernel can be well approximated by
K(Rr)=k,R, (26)
where the coefficient k , »1.9” 10" inomi®s?, Risinom and the collection kernd K is
incn? s, Substitution of (26) into (3) yields
P, =k,LR°n(R)dR =k ,NRCL (27)
where N isin cm®, Rs isthe mean radius of the sixth moment incm, L isingcm®, and
Ps isg cmi®s . Similar to the generdized Ry parameterization, we assume agenerd linear
relation between the mean volume radius and the mean radius of the sixth moment,

R, = bsR;. Thisrelation leads to the following expressions

P =hN"'L’H(R - Ry), (283)
2

h=g> 2k, by (28b)
ePr, g

It is cler from the above equations that the autoconverson rae of this new
parameterization exhibits a different dependence on the liquid water content and droplet
concentration than the R, paameerizations. It aso suggedts that the threshold is
determined by the mean radius of the sxth moment rather than the mean radius of the
fourth moment. The new paameterization adso exhibits different dependence on the
rdlative disperson than the generdized R, parameterization. For the purpose of
comparison, the new R parameterization can dso be rewritten in the forms of the origind

Kesder and the Ry parameterizations such that
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P, =c,LH(R - R.)=a,N"’L""H (R,- R,), (29)

,2 213
&3 0 a0
C, :asN-1/3L4/3_ (290)

Agan, under the assumption that the cloud droplet size digtribution can be wdll

described the gamma digtribution, the relationship between bg and the rdative disperson

(e) iseasily shownto be

1/6
(1+3e7)(1+4e7)(1+ 5e2)3

([1+e?) i+ 2¢7) <0

e
b =€
g

The above eguations suggests a different dependence of the converson coefficient
than the Ry parameterizations. Furthermore, the new Rs parameterization indicates that
the a codfficent in the Ry parameterizations should dso be a function of the liquid water
content, droplet concentration and relative dispersion instead of a congtant as assumed in
the traditiond R, parameterizations. This dependence provides a plausble explanation
for the wide range of a (or @) vaues that have been assgned by investigators in use of the
traditional R, parameterizations.

4. Discussion

To facilitate comparison, dl the Kesder-type parameterizations discussed above
ae summarized in Table 1 in the forms of the Kesder parameerization and the R4
parameterization because of their widespread use. Also given in the table are the mgor
goproximations and assumptions associated with these parameterizations as reveded by
the common derivation process. It is clear from this table that the conversion coefficients

in dl of the Ry paramderizations exhibit the same dependence on cloud liquid water
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content and droplet concentration; the dependence of the new R parameterization on the
liquid water content and droplet concentration is congderably different than for the R4
parameterization. Both the new Ry and Rs parameterizations aso have a converson
coefficient that depends on the reative disperson as wdl, dthough the detalls of this
dependency are quantitatively different in the two parameterizations.

Examination of our new Rs parameterization aso provides an explanation for a
number of long-standing issues associaied with the original Kesder parameterization as
well as the vaious Ry parameterizations. For example, such a wide range of vaues have
been assgned to the coefficient & in dudies usng the origind Kesder parameterization
that in practice, it has been often consdered to be arbitrarily tunable (e.g., Kesser 1969;
Liu and Orville 1969; Ghosh et d. 2000). It is evident from the new R parameterization
that the wide range of vaues assumed for @ may sem from the variabilities in the liquid
water content, droplet concertration and relative disperson that are not properly
accounted for in the origind Kesder parameterization. Similar to the arbitrary tunability
of the coefficient a in the origind Kesder parameterization, a wide range of vaues have
been dso assigned to the a codfficent in modding gudies udng the traditiond Ry
parameterizations (Baker 1993; Boucher et a. 1995). For example, the range of gfrom
0.01 to 1 as suggested by Baker (1993) and Boucher et a. (1995) done leads to a
difference of three orders of magnitude in a . The new Rs parameterization again shows
that the multitude of vaues that have been assgned to a may be due to the combined
variabilitiesin liquid water content, droplet concentration and relative dispersion.

Furthermore, both the generdized R; parameerizaion and the new Rs

parameterizetion explicitly account for the effect of the gpectrd shape through the
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dependency of b4 and bg on the reative disperson [Eq. (25) for b, and Eq. (30) for bg).
This is a desrable feature because he effect of spectra shape on the autoconverson rate
is not well understood and quantified despite the fact that it is wdl known tha the
relative disperson has an important role in the autoconverson process. In particular,
none of the previous Kesder-type parameterizations includes the relaive disperson as a
dependent variable.

However, the dependency of the autoconversion rate on the relative disperson are
quantitatively different for the new Ry and Rs parameterizations. Figure 1 shows b4* and
be® as a function of the rdative disperson. Two points can be drawn from this figure.
First, as expected, both by and be (therefore the autoconverson rate) increases with
increasing broadness of the cloud droplet size digtribution. Second, compared to our new
Rs parameterization, the generdized R; parameterization underestimates the effect of
gpectra digpersion on the autoconversion rate by up to an order of magnitude.

The rdative disperson of the cloud droplet size digtribution dso influences on the
autoconverson rate by affecting the threshold radius.  This effect is illusrated in Fig. 2,
which shows b, and bg as a function of the relative disperson. Since the threshold radius
for the generdized R, parameterization and the new Rs parameterization are respectively
Rs = bs Rs and Rs = b4 R3, both parameterizations tend to have threshold radii larger then
the threshold mean volume radius used in the Manton and Cotton parameterization and
the Baker parameterization. For the generdlized R, parameterization, the underestimation
by the mean volume radius can reach a factor of 1.4. For the new R parameterization, the
underestimation can be larger than a factor of 2. The difference between the generdized

R; paameterization and the new Rg parameterization can dso reach a factor of 1.5.
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These results suggest that the effect of the spectrd disperson aone could cause an
uncertainty of up to a factor 2 in the threshold radius. According to few limited studies
(Boucher e d. 1995), differences of this magnitude are large enough to Sgnificantly
affect the results of GCM dgmulaions. We have recently shown that the rddive
disperson dgnificantly affects cloud radiaive properties (Liu and Daum 2000) as well as
the evduation of the Twomey effect (Liu and Daum 2002; Rotsayn et d. 2003). These
dispersion-dependent parameterizations can adso be coupled with the corresponding
relationship between the reative disperson and pre-cloud aerosol properties (Liu and
Daum 2002) to address the influence of the relative disperson on the second indirect
aerosol effect.
5. Concluding Remarks

The typicd autoconverson parameterizations of the Kesder type that have been
widdy used in doud-reated modding studies are theoreticdly derived and analyzed by
aoplying the generdized mean vdue theorem for integras to the generd collection
equation. The approximations implicitly assumed in these parameterizations, ther logica
connections and the improvements are reveded by the derivations. It is shown that the
origind Kesde paameerization implictly assumes a fixed collection kernd. The
Manton and Cotton parameterization improves the origind Kesder parameterization by
relaxing the assumptions of a fixed collection kernd to a fixed collection efficiency and
fixed termind velocity. The Baker and Boucher parameterizations physicdly improve the
Manton and Cotton parameterization by eiminating the assumption of a fixed termind
velocity. It is dso demongrated that the Manton and Cotton parameterization, the Baker

parameterization and the Boucher parameterization can actudly be consdered specid
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cases of a generdized R, parameerization that assume different, yet fixed vaues of the
relative disperson.

A new Rs parameterization is derived by further diminaing the assumption of a
fixed colection efficiency inherent in the vaious R, parameerizaions. The new
parameterization relates the autoconverson rate to the sixth moment of the cloud droplet
sgze didribution, and represents the physics of the autoconverson process better than
those that have been commonly used. Furthermore, the new parameterization indicates
that the wide range of vaues chosen for both the a coefficient in the origind Kesder
parameterization and the a coefficient in the traditiond R, parameterizations are in fact
mainly due to the vaiabilities in cloud liquid weater content, droplet concentration and
redive digperson in ambient clouds. The practice of abitrarily tuning coefficients (a and
a in the origind Kesder parameterization and the R, parameterizations) to match some
condraints in modding dudies is therefore mideading; critical information is logt in the
tuning process.

In comparison with the commonly used paameterizations (traditiona Ry
parameterizations and the origind Kesder-type parameterization), the generdized R4
parameterization and the new Rs parameterization have an additional advantage because
they can be used to study the effect of the reative disperson on the autoconversion rate.
Our preiminary andyss indicates that the effect of the relaive disperson is too large to
be ignored in the parameterization of the autoconversion process.

It is noteworthy that severa parameterizations have been dso developed by
curve-fitting the autoconverson rate cdculaed from detaled microphyscd modes

(Berry 1968; Behgeng 1994; Kogan 2000). They are in general agreement with the new
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Rs parameterization, suggesting a stronger dependence of the autoconversion rate on the
liguid weater content and droplet concentration than that given by ether the origind
Keder parameterization or the various Ry parameterizations. Detailed comparison of the
new Rs parameterization with these modd-based parameterizations will be presented in
Part Il of this series.
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Figure Caption
Figure 1. Dependence of b (solid line) and b4* (dashed line) on the relative dispersion.

Figure 2. Dependence of bg (solid line) and b 4 (dashed line) on the relative dispersion.
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Table 1. Summary of the Kesder-Type Autoconversion Parameterizations
P=cLH(y- y,)=aN""L""H(y- ¥,)

Parameterizations | Assumptions Conversion Coefficient ¢ Threshold y ¢
Kessler fixed collection kernel |_C o L¢
G =& cl-—=
L o
Manton & Cotton | Fixed collection efficien — -1/3 4/3 R
Y, CMC =8y N L s
monodisperse spectrum & s
. _ _ & 3 0
fixed terminal velocity ayc =Pk, ¢ + Euc
edpr, g
Baker Fixed collection efficien — -1/3) 4/3 R
Yy CBaka - aBake N L s
& monodisperse spectrum ;.
&3 0
aBaker :pk1Q - E4
ePrve
Boucher Fixed collection efficienc — -1/3) 4/3
Y CBoucher =a Boucher N L R4C
& fixed, broader spectrum s
&3 0

Qgoucher — pk 1 g4p—r B E4 (1'1)4

Genegrdized Ry Fixed collection efficiency C, =a4N'1’3L“’3 Rac
2ok, B30 g s
4=P 1g4p—rwa 4N 4
New Rg None of above c.=a N 13| 4/3 Rec
&3 0 ,0 8"
A, =k2 —= b, —
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